The proto-oncogene c-myc plays a critical role in the development of lymphomas in birds and mammals (11, 40) . However, it is evident from work in both the murine and avian systems that activation of c-myc alone is not sufficient for full malignancy, and cooperation of c-myc with other proto-oncogenes is required to induce lymphomas (1, 2). Examples of myc collaborators in lymphomagenesis include the nuclear protein bmi-1 (22, 23, 29) , ras G protein (3, 32, 50) , the serine/threonine kinases PIM-1 (58-60) and Raf (32), the nonreceptor protein-tyrosine kinase Abl (24, 33) , and the mitochondrial membrane protein bcl-2 (36, 51, 54).
The proto-oncogene c-myc plays a critical role in the development of lymphomas in birds and mammals (11, 40) . However, it is evident from work in both the murine and avian systems that activation of c-myc alone is not sufficient for full malignancy, and cooperation of c-myc with other proto-oncogenes is required to induce lymphomas (1, 2) . Examples of myc collaborators in lymphomagenesis include the nuclear protein bmi-1 (22, 23, 29) , ras G protein (3, 32, 50) , the serine/threonine kinases PIM-1 (58) (59) (60) and Raf (32) , the nonreceptor protein-tyrosine kinase Abl (24, 33) , and the mitochondrial membrane protein bcl-2 (36, 51, 54) .
In birds, avian leukosis virus (ALV)-induced lymphomas have provided a useful model for identification of proto-oncogenes which can cooperate with c-myc. The development of avian lymphoid leukosis is bursa dependent and believed to follow an orderly progression through distinct clinical stages: (i) transformed follicles; (ii) macroscopic bursal nodules; and (iii) metastasis (10) . Insertional activation of c-myc appears to be an early event sufficient for the formation of transformed follicles (10, 57) . Transformed follicle formation, however, is necessary but not sufficient for the development for avian leukosis, indicative of the requirement for multiple genetic events (5) . cDNA microarray analysis for gene expression during mycinduced neoplastic transformation in the bursa of Fabricius shows that myc is more important in the early induction of lymphomas than in the maintenance of late-stage metastases (41) .
To identify the genetic events necessary for inducing tumor progression in ALV-induced lymphomas, a double infection protocol involving sequential infection of chickens with ALVs of two different subgroups was used to generate multiple insertional mutations. This approach resulted in acceleration of lymphomagenesis and the identification of a common retroviral integration site (9) . A putative proto-oncogene, bic, was isolated at this locus and characterized (56) . bic is activated by promoter insertion and lacks an extensive open reading frame (ORF). The human and murine homologues of bic were recently cloned and show significant homology with the avian homolog over a short stretch of nucleotide sequence (55) . However, similar to the avian homologue, the human and mouse bic genes do not have a long ORF. In addition, there is no homology among the multiple short ORFs present in these cDNAs. Moreover, the region of sequence homology is predicted by computer analysis to form a conserved imperfect RNA duplex. The lack of a conserved open reading frame and the evolutionary conservation of RNA secondary structures strongly suggest that bic functions as a noncoding RNA. Recent evidence has emerged that these noncoding RNAs can potentially function as riboregulators to control cell growth and differentiation, as well as transformation and oncogenesis (4, 13, 31) .
Since integrations at the bic locus were usually found in conjunction with c-myc integrations in ALV-induced lymphomas, and the frequency of bic integrations was higher in metastatic tumors than in primary tumors, bic is implicated as a collaborator with c-myc in B lymphomagenesis and is presumably involved in late stages of tumor progression (9) . bic gene rearrangements were also detected in several bursa-independent tumors (K. Parks and W. Hayward, unpublished data) induced by HB-1, which carries a recombinant c-myc/v-myc sequence (12) . Therefore, it is likely that bic cooperates with myc in the pathogenesis of bursa-independent lymphomas. In view of the strong circumstantial evidence of the involvement of bic in tumorigenesis, we set out to demonstrate directly its oncogenic potential both in vitro and in vivo, particularly its collaborative interaction with c-myc in oncogenesis.
To characterize the oncogenic potential of bic, an efficient gene delivery system was needed. The replication-competent avian retroviral vector RCASBP provides a way of expressing the gene both in vitro and in vivo (11) . This retrovirus vector may be used for studying oncogene cooperation in the avian system. Chicken cells can be made to express both the c-myc and bic genes by using two RCASBP viruses, each carrying an env gene of a different subgroup, which permits double infection to occur (15) . Therefore, this approach facilitates studies in oncogene cooperation in the avian system in a way analogous to the crossing of transgenic mice carrying different oncogenes.
In an attempt to define directly the oncogenic potential of bic, in particular the possibility of cooperative interaction between c-myc and bic, we used these retroviruses to express bic either alone or in combination with c-myc in chicken embryo fibroblast (CEF) cultures and in chickens. The effects of overexpressing both c-myc and bic on cultured cell morphology and growth characteristics, as well as the incidence and latency of tumors in animals, were compared to the effects of overexpressing c-myc or bic alone. We demonstrated that overexpression of bic induced an enhancement of growth in CEFs overexpressing c-myc. Moreover, in vivo chicken oncogenicity assays showed that bic can collaborate with c-myc in the pathogenesis of lymphomas and erythroblastosis.
MATERIALS AND METHODS

Construction of RCASBP(A)-myc and RCASBP(B)-bic retroviruses.
The construction and characterization of the avian retrovirus vectors RCASBP(A) and RCASBP(B) have been described in detail elsewhere (15, 27, 45) . RCASBP(A)-myc, previously designated RCASBP(A)c-myc (⌬exon 1), was constructed as described and contains the chicken c-myc major open reading frame but lacks exon 1 sequences (44) .
RCASBP(B)-bic was derived by insertion of a 505-bp ClaI insert from p Bic.exon2a.T3s into the ClaI site of the RCASBP(B) vector. p Bic.exon2a.T3s was constructed by ligating a 221-bp ClaI-BspHI fragment containing nucleotides 1 to 216 of bic exon 2 and a 304-bp BspHI-XhoI fragment of pXba-Ase into pBluescript SK plus (Stratagene) between the ClaI and XhoI sites. The ClaIBspHI fragment was generated by PCR amplification of the cT465.R plasmid (56) using primer 1 as an upstream primer and primer 2 as a downstream primer under standard conditions, followed by digestion with ClaI and BspHI. pXba-Ase was derived by inserting a 433-bp insert fragment generated by digestion with AseI/Klenow and XbaI of pX-H0.5 between the XbaI and HindIII/Klenow sites of pBluescript SK plus (Stratagene). The ligation between the AseI/Klenow and HindIII/Klenow sites regenerated the HindIII sites. pX-H0.5 contains a 0.5-kb XbaI-HincII bic genomic fragment cloned into pBluescript SK plus (Stratagene). Primer 1 was 5Ј-CCATCGATTGTATCTCAAGGGGGAAAAAAACAG-3Ј, and primer 2 was 5Ј-TGTCACATGGAGGTCTTCTCAGCGTG-3Ј.
RNA analysis. Total cellular RNA was isolated from confluent 10-cm plates of CEFs using RNAzol B (Biotecx Laboratories, Inc.) according to the manufacturer's instructions, which are modified from a single-step guanidinium isothiocyanate procedure for RNA isolation (8) . Northern hybridization was performed as described before (56) . DNA probes labeled to high specific activity (see below) were used in the Northern blots.
Protein analysis. Total cell lysate was prepared from CEF cultures by homogenizing cultured cells in protein lysis buffer and pelleting the debris (30) . Then 50 g of total protein (as determined by the Pierce BCA assay) was subjected to standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) through a 10% gel, transferred to an Immobilon P membrane (Millipore), and blocked overnight at 4°C with 5% milk and 0.1% Tween 20. The membrane was then incubated with the primary antibody, which is a c-Myc monoclonal antibody (Santa-Cruz Biotechnology, Inc.), for 1 h at room temperature. The membrane was then rinsed for a total of 45 min and reacted with the secondary antibody for 1 h at room temperature. After rinsing for a total of 30 min, chemiluminescent detections were performed with the ECL detection kit (Amersham).
CEF transfection and virus production. Primary CEF cultures (C/O, gs Ϫ chf Ϫ ) prepared by standard techniques (20) were kindly provided by H. Hanafusa (The Rockefeller University). Cells were maintained at 37°C in F-10 medium containing 5% calf serum, 0.3% (wt/vol) tryptose phosphate broth, 0.19% sodium hydrogen carbonate, penicillin, and streptomycin.
CEF cultures were transfected with retrovirus vector DNA by the calcium phosphate precipitation method essentially as described before (52) . Then 5 g of highly purified DNA [RCASBP(A)-myc, RCASBP(B)-bic, RCASBP(A), or RCASBP(B)] was used in these transfections. Three passages after transfection, virus titer in overnight tissue culture supernatants was estimated by reverse transcriptase assays (60) . Mass infection of the cells was routinely obtained after three passages, as judged from the virus titer in the tissue culture supernatant. These virus stocks were frozen at Ϫ80°C and used for infection of CEFs and chickens.
CEF infection. For simultaneous double infection, CEFs were seeded on 60-mm plates at a density of CEF cell growth assays. For the cell growth assays, cells infected with different combinations of RCAS viruses were initially seeded on 60-mm plates at a density of 10 5 cells/plate and refed every 2 days. Cells were counted every 2 days with a hemacytometer. This experiment was done in duplicate.
Chicken oncogenicity assays. Eighteen-day gs Ϫ chf Ϫ embryos (SPAFAS, Inc.) received 0.1 ml of a virus suspension containing 10 6 infectious units of RCAS virus of each envelope type per ml injected into a chorioallantoic vein. One-dayold chicks were transferred to a separate room of the Sloan-Kettering Institute animal facility for maintenance. Chickens inoculated with different viruses were maintained in separate cages and observed for disease. Chickens that appeared severely ill were euthanized in a CO 2 chamber. All surviving birds were sacrificed at 16 weeks [for animals infected with RCASBP(A)-myc and RCASBP(B)-bic or RCASBP(A)-myc and RCASBP(B)] or at 20 weeks (for animals infected with RCASBP(A) and RCASBP(B)-bic or RCASBP(A) and RCASBP(B)]. Postmortem examinations were performed on all chickens. Tissues for histopathologic analyses were placed in 10% buffered Formalin and processed. Histopathological diagnoses were made with the assistance of H. Nguyen (Weill Medical College of Cornell University). Samples were taken from various diseased organs and frozen at Ϫ70°C for further analysis.
Isolation of high-molecular-weight tumor DNA. Isolation of high-molecularweight DNA was performed as described with modifications (12) . From 0.8 to 1 g of tumor tissue stored frozen at Ϫ70°C was minced to frozen powder by using a pestle and homogenized in ice-cold TNE (0.15 M NaCl, 0.05 M Tris-HCl [pH 8.0], 5 mM EDTA) by hand in a Dounce homogenizer. Proteinase K (Boehringer Mannheim) was added to a final concentration of 500 g/ml and SDS to a final concentration of 1%. Preparations were incubated for 3 h at 68°C and extracted twice with phenol, once with phenol-chloroform-isoamyl alcohol (25:24:1), and once with chloroform-isoamyl alcohol (24:1). The DNA was then ethanol precipitated and redissolved in 4 ml of TE (Tris-EDTA).
To remove residual RNA, DNase-free RNase (Boehringer Mannheim) was added to a final concentration of 1 g/ml and SDS to a final concentration of 0.1%. After incubating at 37°C for 1 h, the DNA sample was extracted once with phenol-chloroform-isoamyl alcohol and once with chloroform-isoamyl alcohol. Finally, the DNA was ethanol precipitated and redissolved in 1 ml of TE.
Restriction enzyme digestion and Southern blotting. Restriction enzyme digestion of 15 g of high-molecular-weight tumor DNA was carried out in a volume of 200 l with a fivefold excess (80 U) of enzymes. After digestion was complete, the sample was extracted with phenol-chloroform and ethanol precipitated.
Digested DNAs were run on 0.7% agarose gels in 0.5ϫ Tris-borate-EDTA (TBE) buffer at 1 V/cm for 14 h and blotted to Zeta-probe GT membranes (Bio-Rad Laboratories) according to the procedure of Southern (53) . Blots were rinsed briefly in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and baked in a vacuum oven at 80°C for 30 min. The filters were prehybridized, hybridized, and washed according to the manufacturer's recommendations (BioRad).
DNA probes. Radioactively labeled DNA probes were labeled to high specific activity (Ͼ5 ϫ 10 8 cpm/g of DNA) by incorporation of [␣-32 P]dCTP (3,000 Ci/mmol; NEN) into DNA by the random priming method (16) using the random primed DNA labeling kit (Boehringer Mannheim). The myc probe was a ClaIEcoRI fragment isolated from pBN22.exon3, which was made by subcloning the ClaI-EcoRI fragment from pBN22 into pBluescript SK plus (Strategene). pBN22 was derived from pc myc-1 (39) by subcloning a SalI-EcoRI fragment into pBR322. The 0.96-kb ClaI-EcoRI fragment from pBN22.exon3 represents exon 3 of c-myc. The bic probe is a 0.5-kb ClaI fragment isolated from p Bic.exon2a (see above). The probe for chicken immunoglobulin light chain was a 2.7-kb BamHI-SalI fragment of the (J plus C) plasmid kindly provided by Jean-Claude Weill and Claude-Agnes Reynaud (49) .
Statistical methods. Comparisons of Kaplan-Meier survival curves were performed using the log-rank test. The incidence of tumors in different groups was compared using either the chi-square test or the Fisher exact test. The latency of tumors was compared using the Mann-Whitney U test. All statistical computations were performed by the Statview (version 4.5) statistical analysis program (Abacus Concepts, Inc.)
RESULTS
Construction of RCASBP(A)-myc and RCASBP(B)-bic.
As a vehicle for the expression of c-myc and bic cDNA sequences in vitro and in vivo, the replication-competent avian retrovirus vectors RCASBP(A) and RCASBP(B) were used, which contain the subgroup A env gene and subgroup B env gene, respectively (15, 27) . The myc-expressing retrovirus, designated here RCASBP(A)-myc, contained a cDNA representing the coding exons (2 and 3) of chicken c-myc (for details, see Materials and Methods). Since a stop codon in frame with the ATG start codon of the gag gene (in-frame terminator) is present downstream of the splice acceptor in RCASBP(A)-myc ( Fig. 1) , the p55 myc protein is expressed from the normal c-myc initiation codon at the 5Ј end of the c-myc cDNA (27, 44) .
Based on the structures of the 2.6-kb and 1.0-kb tumor chimeric transcripts derived from alternative polyadenylation, the biological activity of avian bic is believed to reside in exon 2a, the small second exon (56) . Therefore, the bic-expressing retrovirus was designed to generate subgenomic mRNAs that were similar in structure to the shorter chimeric bic transcripts seen in the tumors. An artificially constructed avian bic exon 2a was introduced into RCASBP(B), and the resulting vector was designated RCASBP(B)-bic (see Materials and Methods and also fected cells were passaged every 3 to 4 days. After three passages (about 10 to 12 days), mass infection was achieved, as indicated by the high titer of virus estimated by three successive reverse transcriptase assays. RNA expression from these two RCAS viruses in the virus-producing cultures was then assayed by Northern analysis. Three RNA species were expected from each of these constructs: full-length viral genome RNA; transcripts that are spliced from the gag splice donor to the splice acceptor 5Ј of env; and transcripts that are spliced from the gag splice donor to the src splice acceptor immediately upstream of the ClaI site. c-myc and bic were expressed from the smallest spliced subgenomic RNAs (Fig. 2a) . Northern hybridizations using exon 3 of c-myc or exon 2a of bic as a probe detected the expected transcripts of 8.9, 4.2, and 2.4 kb for RCASBP(A)-myc and 8.0, 3.3, and 1.5 kb for RCASBP(B)-bic (Fig. 2b) . The two bands with mobilities similar to the 28S and 18S rRNAs most likely represent hybridization of probe to viral RNAs which comigrated nonspecifically with the rRNAs.
As an initial effort to characterize the biological potential of bic, we determined the effects of overexpression of c-myc and (Fig. 3a) or protein ( Fig. 3b ) level, and similarly, c-myc expression did not affect bic expression (Fig. 3a) .
Enhanced growth of CEFs infected with RCASBP(A)-myc and RCASBP(B)-bic.
When the growth curves for CEFs mass infected with different combinations of RCASBP viruses were determined over a period of 10 days, the overall growth rate for the 10-day period for CEFs infected with RCASBP(A)-myc and RCASBP(B)-bic was not significantly different compared to that of CEFs infected with RCASBP(A)-myc and RCASBP(B). However, we found that the growth rate for the former group was significantly higher during the initial and middle phases of the growth curves (days 2 to 6) compared to the latter (Fig. 4) . On the other hand, the CEFs infected with RCASBP(A) and RCASBP(B)-bic had a growth rate similar to that of CEFs infected with RCASBP(A) and RCASBP(B), implying that bic alone does not promote cell growth. In fact, both of these CEF cultures grew more slowly than uninfected fibroblasts, probably because of the cytotoxic effects caused by RCASBP(B) (Fig. 4) . These results suggest that bic can synergize with c-myc to promote growth of CEFs, possibly in a cell density-dependent manner.
Chickens Retroviral infections induced various neoplasms in all four groups of animals. Tumors were frequently induced in all four groups by retroviral infections. Various neoplastic diseases occurred in these animals, including lymphomas, erythroblastosis, myelocytomatosis, sarcomas, and adenocarcinomas.
Lymphomas in this experiment predominantly involved the liver. In many cases, particularly in histologically high-grade lymphomas, the liver was grossly enlarged, with homogeneous white areas. However, contrary to classic avian lymphoid leukosis (10), macroscopic bursal nodules were absent in all but one case, which was found in an animal infected with RCASBP(A) and RCASBP(B)-bic. In some of the bursas, transformed follicles may be seen microscopically. Histologically, lymphomatous foci in the liver consisted either of mainly medium and large lymphocytes or a mixture of small, medium, and large lymphocytes. These histological observations with the lymphomas appeared similar to HB-1-induced lymphomas (12) . The lymphomas were classified as either low-grade or high-grade based on the degree of infiltration in the liver by lymphomatous tissues. In low-grade lymphomas, the liver contained multiple, relatively small lymphoid aggregates. Highgrade lymphomas were characterized by more diffuse and extensive infiltration by neoplastic lymphoid cells. Two of the high-grade lymphomas observed were of the nodular type. When the extent of infiltration was not great enough to justify the diagnosis of lymphoma, the diagnosis of lymphoid hyperplasia was given.
These lymphomas were examined for the B-cell phenotype by testing for the presence of rearrangements in the immunoglobulin light-chain locus (49) . Only one of the lymphomas (836L) showed obvious light-chain rearrangement (data not shown). A faint rearranged restriction fragment was observed in the Southern blot for another lymphoma (318L) which was heavily infiltrated by neoplastic lymphoid cells, implying that only a small portion of tumor cells in that lymphoma had the Erythroblastosis is a leukemia of cells of the erythroid lineage. The target cell for transformation is thought to be an intravascular hemacytoblast in the bone marrow (46) . Microscopic examinations of the visceral organs, particularly the liver and kidneys, showed accumulation of erythroblasts in the capillaries, often resulting in dilation of the hepatic sinuses.
Myelocytomatosis usually develops as masses at the skull and sternal and pelvic bones (38) and is a neoplasm of cells in the myeloid lineage. However, in this experiment, the liver was the predominant organ involved. Grossly, the liver was enlarged and infiltrated with diffuse and nodular yellow-white growths. The tumor consisted of compact masses of neoplastic myelocytes, which destroy and replace the hepatic parenchyma.
Sarcomas observed in this experiment consisted of fibrosarcomas, myxosarcomas, and chondrosarcomas. These tumors principally involved the liver and kidneys. Adenocarcinomas observed in this experiment occurred most frequently in the liver. They were also rarely found in the pancreas and lungs.
bic collaborates with c-myc in the pathogenesis of lymphomas and erythroblastosis. The incidence of different neoplasms among the four groups of animals is shown in Table 1 . The median time to death of animals with these neoplasms is also indicated. Animals infected with RCASBP(A)-myc and RCASBP(B) had a relatively high incidence of mylelocytomatosis, sarcomas, and adenocarcinomas compared to those infected with RCASBP(A) and RCASBP(B), none of which developed any of the three tumors. Statistical significance was only demonstrated for myelocytomatosis (P Ͻ 0.05), however, presumably because of the small sample size of the RCASBP(A) plus RCASBP(B)-infected group. Moreover, lymphomas developed with a shorter latency in the RCASBP(A)-myc plus RCASBP(B)-infected group relative to the RCASBP vectorinfected control group (P Ͻ 0.05). Our results are consistent with previous studies in both the avian and murine systems, which demonstrated that myc plays a principal role in the pathogenesis of a wide variety of tumors (12, 26, 35, 38) .
Comparison of the incidence and latency of tumors for animals infected with RCASBP(A)-myc and RCASBP(B)-bic with those for the animals infected with RCASBP(A)-myc and RCASBP(B) revealed three major differences. First, lymphomas developed with a shorter latency in the former group (P Ͻ 0.02), although the incidence of lymphomas was similar for the (Fig. 6) . The detection of myc-and bic-positive proviral fragments indicates that both RCASBP(A)-myc and RCASBP(B)-bic were present in these tumors.
No deletions or rearrangements of these two proviruses were detected in the tumors. The endogenous myc and bic loci appeared intact, as no novel c-myc-or bic-containing fragments were detected in addition to the expected endogenous and proviral fragments. The absence of proviral integrations in the vicinity of the myc and bic loci is expected, since these two oncogenes are carried by the proviruses.
Clonality of lymphomas and erythroblastoses containing both RCASBP(A)-myc and RCASBP(B)-bic proviruses.
The lymphomas and erythroblastosis tumors were then tested for clonality by examining the presence of junction fragments by Southern analysis. Junction fragments are restriction fragments consisting of viral sequences linked to adjacent cellular sequences. Junction fragments for independent proviral integrations differ in size, and they would not be detected by Southern analysis if proviruses have integrated at multiple different sites in the host genome in the cell population. However, Southern analysis would allow the detection of discrete viral junction fragments if the tumors are clonal.
For detection of clonality with respect to bic, DNA isolated from tumors containing both RCASBP(A)-myc and RCASBP(B)-bic was digested with BamHI, which generates a virus junction fragment by cutting the RCASBP(B)-bic provirus in the env gene and the cellular genome 3Ј of the provirus (see Fig. 1 ). Virus junction fragments were then detected using the bic exon 2a probe on Southern analysis. As shown in Fig. 7 , the 2.5-kb germ line bic locus BamHI fragment was present in all the tumors examined. Virus junction fragments were detected in 5 of 12 lymphomas examined and 4 of 4 erythroblastosis tumors. At least two junction fragments were detected in each of these nine tumors. Each of these junction fragments may actually represent an independent clonal cell population. Alternatively, a clonal cell population within these tumors may harbor two or more RCASBP(B)-bic proviral integrations, resulting in the appearance of radioactive bands of approximately equal intensities in Southern blots. Therefore, the detection of multiple junction fragments in these tumors may indicate monoclonality or oligoclonality. However, tumors 836L and 862L are most likely to be oligoclonal, since multiple junction fragments of different intensities were observed in Southern analysis.
All five of the lymphomas with detectable virus junction fragments were high-grade lymphomas, and none of the five low-grade lymphomas examined showed virus junction fragments on Southern blots. These results suggest that while the low-grade lymphomas observed in this experiment are polyclonal, the high-grade lymphomas are monoclonal or oligoclonal. Based on these clonality analyses, it is likely that additional genetic alterations besides deregulated c-myc and bic are required for the development of high-grade lymphomas and erythroblastosis.
Rearrangements of c-myc and bic genes in lymphomas from animals infected with RCASBP(A) and RCASBP(B)-bic or RCASBP(A)-myc and RCASBP(B).
If myc can collaborate with bic in lymphomagenesis, it is likely that lymphomas from animals infected with RCASBP(A) plus RCASBP(B)-bic or RCASBP(A)-myc plus RCASBP(B) harbor c-myc or bic integrations, respectively. Indeed, c-myc rearrangements were detected in five of six tumors examined (304L, 306L, 310L, 318L, and 319L) from the RCASBP(A) plus RCASBP(B)-bic-infected group using a c-myc exon 3 probe (Fig. 8a) . Examination of the two lymphomas (962L and 964L) from animals infected with RCASBP(A) and RCASBP(B) also revealed c-myc rearrangements in one of them (964L) (Fig. 8a) .
To test if proviral integrations at bic were present in lymphomas from animals infected with RCASBP(A)-myc and RCASBP(B), HindIII-digested tumor DNAs from eight of these lymphomas were hybridized to a bic exon 2a probe in Southern blots. As shown in Fig. 8b , bic gene rearrangement was observed in one of the high-grade lymphomas (882L) examined. Interestingly, this lymphoma has a relatively short latency compared to the other high-grade lymphomas. These results are consistent with a cooperative interaction between c-myc and bic in lymphomagenesis. Two mechanisms may account for the enhanced growth observed in cells expressing c-myc and bic. First, bic may further increase the proliferation rate of c-myc-expressing cells. Alternatively, the apparent enhanced growth may be due to suppression by bic of myc-induced apoptosis. Besides being a positive regulator of cellular proliferation, c-myc has also been demonstrated to be a potent inducer of apoptosis when expressed in the absence of serum or growth factors (14) . It is conceivable that bic may prevent apoptosis in these cells, resulting in an apparent increase in cell growth. However, in the present studies, CEF cultures were maintained in high concentrations of serum and hence were not expected to undergo apoptosis with c-myc overexpression, based on the results with Rat-1 fibroblasts.
Although a recent study showed that overexpression of cmyc was capable of inducing apoptosis in a small fraction of CEFs in non-growth-limiting conditions (44) , the difference in growth between cells overexpressing c-myc and bic and those overexpressing c-myc alone appears too large to be accounted for only by the protection of a small fraction of cells from apoptosis (see Fig. 4 ). Therefore, it is likely that bic causes growth enhancement of c-myc-expressing cells by further promoting cell proliferation. However, we cannot completely exclude the possibility that suppression of apoptosis may also play a role. Further experiments are necessary to establish the basis of cooperation of c-myc and bic in CEF growth enhancement. In addition, it will also be interesting to determine if bic can cooperate with c-myc in other aspects of cell growth regulated by c-myc, for instance, in cell size regulation (28) .
Most importantly, the present study demonstrates that c-myc and bic can act in synergy in the pathogenesis of lymphomas. The collaboration is primarily evident in high-grade lymphomas, although the possibility that bic also plays a role in the pathogenesis of low-grade lymphomas cannot be excluded. Apparently, overexpression of c-myc alone is sufficient to generate the polyclonal, low-grade lymphomas. The oligo-or monoclonality of the high-grade lymphomas in animals infected with RCASBP(A)-myc and RCASBP(B)-bic, as well as their longer latency compared to low-grade lymphomas, indicates that additional genetic alterations besides c-myc and bic activations are necessary for their pathogenesis and suggest that they represent a progression from low-grade lymphomas.
The lymphomas observed in these studies appear to be bursa independent. Transformed follicles were not often associated with these lymphomas, and macroscopic nodules were not seen except in one case. Furthermore, some lymphomas were unusual in that they consisted of small, medium, and large lymphocytes. These observations suggest that these lymphomas are different from the classic lymphoid leukosis and may resemble phenotypically the bursa-independent lymphomas induced by HB-1 (12) . Consistent with this notion, most of the lymphomas examined to date did not exhibit light-chain rearrangements. It is likely that the neoplastic lymphoid cells consist of early B cells and/or T cells. The collaboration of c-myc and bic to generate this type of lymphoma is not unexpected, since bic rearrangements have also been observed in bursa-independent lymphomas induced by HB-1 (K. Parks and W. Hayward, unpublished data). It is unclear why lymphomas resembling classic avian lymphoid leukosis were not observed in this experiment. A possible explanation is that the target cells for this type of lymphoma are not very accessible to RCAS viral infection. Although no statistically significant difference was detected in the incidence or latency of lymphomas for animals infected with RCASBP(A) and RCASBP(B)-bic and those infected with RCASBP(A) and RCASBP(B), the incidence of lymphomas in the former group was nevertheless higher, which is consistent with insertional activation by RCASBP(A) of c-myc or other proto-oncogenes capable of collaborating with an activated bic provided directly by RCASBP(B)-bic. The failure to detect a statistically significant difference in either incidence or latency of lymphomas between animals infected with RCASBP(A) and RCASBP(B)-bic and animals infected with RCASBP(A) and RCASBP(B) may be explained by the small sample sizes for the two groups, particularly for the RCASBP(A) plus RCASBP(B) group.
The mechanism(s) by which c-myc and bic cooperate in lymphomagenesis remains to be determined. bic may contribute to lymphomagenesis by suppressing myc-induced apoptosis in vivo. Interestingly, preneoplastic bursal stem cell populations induced by a v-myc oncogene were hypersensitive to induction of apoptosis by follicular dispersion and radiation (42) . This observation is consistent with myc's being a positive regulator of both cellular proliferation and apoptosis (14) . Therefore, apoptosis potentially serves as a protective mechanism to prevent tumorigenicity elicited by a deregulated myc. Abrogation of this potential safeguard mechanism will therefore contribute to myc-induced tumorigenesis. Indeed, suppression of apoptosis has been implicated in the neoplastic progression of avian bursal lymphomas. While normal and transformed follicle cells underwent apoptosis when the bursal follicles were irradiated or mechanically disrupted in vitro, a bursal lymphoma cell line was resistant to apoptosis induced by radiation (42) .
Recently, it was found that c-myc overexpression promotes the formation of transformed follicles by blocking differentiation and by retention of lymphocytes while increasing proliferation only modestly (6) . bic may promote the late stages, for example, metastasis, of lymphoma development by causing emigration of bursal lymphocytes, a hypothesis supported by the observation that retroviral integrations in bic are seen preferentially in metastatic lymphomas (9) . Alternatively, bic may further increase the proliferative capacity of neoplastic lymphoid cells expressing c-myc.
In addition, some of the animals infected with RCASBP(A)-myc and RCASBP(B)-bic developed acute erythroblastosis. In contrast, no erythroblastosis was found in animals infected with RCASBP(A)-myc and RCASBP(B). It is possible that erythroblastosis induced in the latter group is of such long latency that all of the animals died from other neoplastic diseases before they had an opportunity to develop erythroblastosis. Interestingly, 15% (3 of 20) of the chickens infected with RCASBP(A) and RCASBP(B)-bic also developed erythroblastosis, albeit with a relatively long latency, while none of the animals infected with RCASBP(A) and RCASBP(B) had erythroblastosis. Although no statistical significance was shown, these results suggest that there may be an increased susceptibility for animals infected with RCASBP(A) and RCASBP(B)-bic to develop erythroblastosis because of the constitutive overexpression of bic in vivo. Increasing the sample size of the RCASBP(A) plus RCASBP(B) group may be useful to evaluate this possibility.
Erythroblastosis is the predominant neoplasm induced by the leukemia virus AEV-ES4, which contains both v-erbA and v-erbB, indicating synergism of these two oncogenes in the pathogenesis of this disease (19, 25) . Our observations show that c-myc and bic can also cooperate in this neoplasm, whereas c-myc or bic alone appears to be weakly oncogenic, if at all, in erythroleukemogenesis. Collaboration of myc with another oncogene in avian erythroleukemia has not been directly demonstrated before this study. Apparently, activations of myc and bic are not sufficient to generate a full leukemic phenotype. Based on analyses of tumor viral junction fragments, the erythroblastosis induced in this experiment appears to be oligoclonal or monoclonal, implying that additional genetic events besides myc and bic activations are necessary. Given the propensity of involvement of c-erbB in erythroblastosis (17, 18, 34, 37, 43, 47) , it will be interesting to see if proviral insertions in the c-erbB locus represent one of these additional genetic events.
bic may represent a novel class of myc collaborators. To our knowledge, this is the first report of a noncoding RNA functioning as a collaborator with c-myc. Previously, it was demonstrated that H19, a gene which has no long open reading frame and is believed to function through its RNA (7), has tumorsuppressing potential (21) . Moreover, the 3Ј untranslated region of ␣-tropomyosin RNA can act as a tumor suppressor (48) . Our present data provide direct evidence that bic can function as a riboregulator which plays a role in tumorigenesis. Furthermore, untranslated RNAs are likely to represent a novel class of myc collaborators. The molecular mechanism(s) underlying this intriguing cooperativity awaits further investigations.
